A plunging jet is a powerful tool for the agitation of a bath as well as the entrapment of fine powder into the bath. As a fundamental model study of the development of novel refining processes using a plunging jet, the mixing time in a cylindrical water bath agitated by the jet was measured with an electric conductivity meter. The measured values of the mixing time depended significantly on the aspect ratio of the bath. Two empirical equations of the mixing time were proposed for two aspect ratio regimes; regime 1 (aspect ratioഡ 0.3ϳ1.0) and regime 2 (aspect ratioഡ1.0ϳ2.0). Uniform mixing was established in regime 1 just after the completion of plunging. The mixing time in regime 2 became much longer than that in regime 1. The relationship between the mixing time and the rate of dissipation of energy density was also discussed. In regime 1, a plunging jet had higher mixing ability than gas injection.
Introduction
Many bath agitation methods have been proposed to develop high-efficiency refining processes. [1] [2] [3] [4] [5] Gas injection, mechanical stirring, and electromagnetic stirring are the most typical of them. The objectives of agitation are to homogenize the temperature and chemical compositions in the bath, to remove nonmetallic inclusions and to promote metallurgical reactions such as decarburization. In addition to these conventional methods, a plunging jet is expected to significantly enhance the mixing intensity. [6] [7] [8] [9] The gravitational force is the driving force to generate the plunging jet.
The characteristics of bubbles entrained into a water bath by a plunging water jet have been extensively investigated mainly in the field of chemical engineering 6, 7) and much information is available. Recently, the characteristics of liquid flow in the bath have also been investigated by some researchers. 8, 10) On the other hand, little is known about the mixing time although it is a principal measure for the intensity of mixing in the bath.
The main objective of this study is to experimentally make clear the mixing time in a water bath agitated by a plunging water jet as a function of the diameter of the plunging jet, d, mean bath depth, H Lm , bath diameter, D, and the mean flow rate of the plunging jet, Q Lm . The dispersion patterns of bubbles in the bath can be classified into three categories (types 1, 2, and 3), as discussed in the previous paper.
8) The measurements were carried out mainly for type 2. Bubbles of diameters over a wide range were generated in the bath. Figure 1 shows a schematic of the experimental apparatus. Two cylindrical vessels were placed in the vertical direction. The diameter and height of the upper vessel are 20.0 cm and 39.0 cm, respectively. The diameters of the lower vessels were 12.0 cm, 20.0 cm, and 30.0 cm. De-ionized water was filled in the lower vessel at a predetermined depth, while an aqueous KCl solution was filled in the upper vessel at a depth of 30.0 cm. The solution was plunged or poured into the lower bath through a straight nozzle having an inner diameter d ni of 1.6 cm. The flow rate of the plunging jet thus generated was adjusted with a cock. The diameter of the plunging jet just above the surface of the lower bath, d, was measured with a high-speed video camera. The diameter, d, increased with an increase in the mean water flow rate, Q Lm , as shown in Fig. 2 .
Experimental Apparatus and Procedure
The mixing time, T m , was measured with an electric conductivity meter. The aqueous KCl solution plunged into the lower bath itself was used as tracer. The well-known 95 % criterion was chosen to determine the mixing time, as shown in Fig. 3 . According to preliminary measurements, the measured values of the mixing time hardly depended on the sensor position, and, hence, the sensor was placed at a medium position of the initial bath depth, (H Li /2), and 2.0 cm apart from the side wall of the vessel. The initial bath depth, H Li , was varied from 5.0 cm to 25.0 cm with predetermined intervals. Mixing time measurements were repeated three times under every experimental condition to obtain a mean value.
Experimental Results and Discussion

Relation between Mixing Time and Aspect Ratio
Recent investigations on the mixing time in a bath agitated by gas injection have revealed that the mixing time is significantly dependent on the aspect ratio of the bath, H L /D, where H L is the bath depth and D is the bath diameter. In this case, the bath depth H L is independent of time (H L ϭH Li ϭconst.) because the liquid is not successively supplied and the injected gas escapes from the bath surface. Figure 4 shows that the flow in the bath is unstable for approximately H L /Dϭ0.3ϳ1.0 and H L /DϾ2.0 due to hydrodynamic instabilities.
10) It is found that the mixing time is the shortest in the aspect ratio regime extending from 0.3 to 1.0.
11) This 0.3 is associated with the boundary between the shallow water wave and deep water wave regimes in a cylindrical vessel. 10) In the shallow water wave regime (H L /DϽ0.3), the motions of liquid are likely to be suppressed by the existence of the side and bottom walls. In the deep water wave regime (H L /DϾ0.3), the effect of the bottom wall on the wave motion diminishes. Accordingly, the liquid motion becomes unstable in the aspect ratio regime extending from approximately 0.3 to 1.0. With a further increase in the bath depth, the effect of the side wall becomes large. The liquid motion therefore becomes stable in the region between approximately H L /Dϭ1.0 and 2.0. For H L /DϾ2.0, the recirculating flow enclosing the bubbling jet becomes unstable, and a different type of unstable liquid motion appears.
By referring to these facts, measurements were carried out in this study for the following two aspect ratio regimes: Fig. 4 . Therefore, discussion will be separately given on the two aspect ratio regimes mentioned above. where Q Li and Q Lf are the initial and final water flow rates of the plunging jet. The derivation of Eq. (4) should be referred to a previous paper.
Mixing Time in
14)
The measured value of T m and the characteristic time, T c , were nondimensionalized by the plunging time, T f . The results are plotted in Fig. 7 . The following empirical equation can be derived. All the measured values of mixing time were compared with Eq. (9) in Fig. 9 . Equation (9) can predict the measured values within a scatter of Ϯ15%. Fig. 2 shown earlier, the plunging jet diameter, d, varies with the mean water flow rate, Q Lm . Although Figure 12 shows the measured values of mixing time for different three bath diameters. It should be noted that the measured values for Dϭ12 cm are also plotted although they include high measurement errors. The mixing time for Dϭ12 cm is so short that high measurement errors cannot be avoided. The real mixing time for Dϭ12 cm is considered to be much shorter than the measured value. Figure 13 compares the measured values of T m with Eq. (9). The measured values except those for Dϭ12 cm can be approximated by Eq. (9) within a scatter of Ϯ30%. Figure 14 shows the relationship between the mixing time, T m , and plunging time, T f . The measured value varies in a complex manner with respect to the plunging time. This feature is clearly different from that shown in Fig. 6 . The nondimensionalized values of the mixing time are shown on the semi-logarithmic scale in Fig. 15 . The following relationship was derived. (10) where e is assumed to be a linear function of the initial aspect ratio, A si . Combination of Eqs. (10) and (12) The measured values of mixing time are compared with Eq. (13) in Fig. 17 . Equation (13) can estimate the measured values within a scatter of Ϫ40% to ϩ30 %. The units of T m and e m are s and W/ton, respectively. It should be stressed that Eq. (14) was originally derived for baths into which energy was continuously supplied. Accordingly, Eq. (14) is assumed to be unity. This assumption does not lead any significant error.
Effects of Mean Water Flow Rate on Mixing Time and Plunging Jet Diameter According to
Effect of Bath Diameter
Mixing Time in Regime 2
Comparison of Conventional Equation for Mixing Time with Presently Measured Values
The measured values of mixing time are plotted against e m in Fig. 18 . The open and solid symbols denote measured values obtained in regime 1 and regime 2, respectively. It should be noted again that the real value of the mixing time for Dϭ12 cm is smaller than the measured value shown in the figure. Equation (15), represented by the broken line, overestimates the mixing time significantly. In other words, the mixing intensity of a plunging jet is much stronger than that of gas injection.
The solid line was tentatively drawn so as to pass through the mean of the measured values in regime 1 as close as possible. It is expressed by 
